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Introduction
With increasing pressure on natural resources due to rapid and extensive urbanization and industrialization, freshwater resources are becoming limited, particularly in arid, semi-arid and coastal areas. On the other hand, the agricultural sector consumes about 70% of the accessible freshwater with about 15-35% of water being used unsustainably (i.e., wasted) [1] [2] [3] . Besides, in arid regions, agriculture is not only hindered by the limited freshwater resources but also by the scarcity of fertile lands. Hydroponics, a subset of hydroculture, is being increasingly used in commercial greenhouse vegetable production worldwide because it provides a substantial degree of control of the environment surrounding the roots [4] . In fact, being a soilless process, it eliminates all the problems associated with soil culture (e.g. poor drainage, soil pollution or soil-borne pathogens) and offers the possibility of using areas typically unsuitable for conventional farming such as arid regions [5] . However, this technique requires nutrient solutions (i.e. solution that provides water and nutrients to the plants) to grow plants and therefore also consumes a large amount of freshwater, although the water efficiency is much higher compared to open farming in the soil. In fact, nutrient (or hydroponic) solutions are usually made by mixing freshwater with a concentrated solution of mixed nutrients [6] . This water-food nexus has become a critical issue in most arid regions and therefore, the development of technologies to sustain water and food security must be explored [7] .
Wastewater reuse for irrigation of plants and crops has gradually become a common practice worldwide since it represents a viable alternative water source [8] . However, wastewater effluent from a typical biologically treated effluent is generally not suitable for direct application due to the presence of pathogens (e.g. E-coli, faecal coliform, Giardia and Cryptosporidium, viruses etc.), organic and inorganic pollutants (e.g. heavy metals and micro pollutants) which are detrimental to both plants and human health [9, 10] . Therefore, advanced treatment processes (e.g. membrane technologies) are essential to eliminate any health risks which are usually done using ultrafiltration (UF), reverse osmosis (RO) or both [11, 12] .
The fertilizer drawn forward osmosis (FDFO) process has received increased interest since its concept relies on the natural osmotic dilution of a fertilizer draw solution (DS) which can then be applied directly for irrigation without the need of a DS recovery process as for most FO applications [13] [14] [15] [16] . Although previous FDFO studies focused on the desalination of either brackish water or seawater, the relatively low salinity of most impaired waters makes them a suitable feed solution candidate for the FDFO process [17] . In fact, due to the limit posed by the osmotic equilibrium between the feed and the draw solutions, which will ultimately affect the final nutrient concentration, using a feed solution having a lower salinity (i.e., lower osmotic pressure) will help in meeting the standard requirements for irrigation. In fact, in a recent review paper on FO [18] , it was emphasized that one of the few viable applications of FO is the use of impaired water sources to dilute a concentrated fertilizer; a concept which was already developed four decades ago but never applied on any scale.
Besides, because irrigation is the largest water consumer, FDFO could have a significant contribution to the development of arid regions when applied to low-quality source such as seawater, brackish water or impaired waters. Finally, it has been demonstrated that FO alone can be effective for the treatment of impaired waters, especially for the removal of emerging pollutants such as persistent trace organic compounds (TrOCs) or boron, making it a suitable technology for wastewater reuse [19] . However, it has to be noted that the rejection of TrOCs by FO, although substantial, is not complete, especially for small, uncharged or hydrophobic compounds [19] .
To date, several inorganic fertilizer salts have been tested as a potential DS either separately or in blended form [13, 16] . However, by using single or blended salts as fertilizers, the final diluted DS does not have the required balanced nutrients (i.e., macronutrients and micronutrients) for plant growth. Therefore, two recent bench-scale studies (i.e., targeting greenwall and conventional soil irrigation) have suggested the use of commercial fertilizers containing all essential nutrients with the required balanced ratio [20, 21] . Although these preliminary bench-scale studies showed promising results and demonstrated the potential feasibility of water recovery by the FO process using commercial liquid fertilizers, the response of plants grown in nutrient solution produced by the FDFO process has not been assessed. Hydroponic nutrient solutions are the most versatile medium where plants can grow with little care. They can be easily prepared, modified, and replaced. The production of lettuce (Lactuca sativa L.) in hydroponic systems is well studied under different conditions and scenarios [22] [23] [24] . Therefore, the main objective of the present study is to demonstrate, for the first time, the feasibility of the FDFO process, at laboratory and pilot scales, to produce a nutrient solution suitable for hydroponics via osmotic dilution of synthetic wastewater effluent using commercial hydroponic nutrient solution as DS. Bench-scale experiments were firstly conducted to evaluate the performance of the commercial hydroponic nutrient solution in comparison to standard single inorganic DS (i.e. NaCl). Pilot-scale operation of the FDFO process was then carried out to investigate the potential of the FDFO process to produce a nutrient solution suitable for hydroponic application. Finally, the response (i.e., growth performance) of hydroponic lettuce plants grown in nutrient solutions produced by the pilot FDFO process was tested and compared with standard hydroponic formulation. To the authors' knowledge, this is the first time that the FDFO produced nutrient solution is tested on plants to provide substantial evidence on the suitability of wastewater reuse via the FDFO process.
Materials and Methods

Bench-scale FO experiments
FO membranes and commercial hydroponic nutrient solution
A commercially available thin-film composite (TFC) polyamide (PA) FO membrane (Toray Industry Inc.) was used for all the bench-scale experiments. This membrane was obtained from a spiral wound 8040 TFC FO membrane module, similar to the one used for the subsequent pilot-scale experimental studies, to ensure data consistency. The pure water permeability coefficient (A value) and salt rejection rate of the TFC PA FO membrane were determined based on the previous experimental protocol [25] , and found as follow: A = 8.9 ± 0.14 L.m -2 .h -1 .bar -1 and salt rejection of 85% (using 1.2 g/L Red Sea salt as initial feed solution).
The commercial hydroponic nutrient solution (Optimum Grow -twin pack hydroponic nutrient) used in this study as DS was obtained from Fernland Agencies Pty Ltd (Queensland, Australia). This is a hydroponic nutrient solution usually employed in plant nurseries and commercial greenhouses. This commercial nutrient solution consists of two concentrated solutions, namely "Part A" and "Part B" which is typical of any hydroponic recipes [26] . In fact, as shown in Table 1 , Part A contains calcium while Part B includes phosphates and sulphates which can both form insoluble precipitates with calcium if mixed in the concentrated form [27] . This also indicates that, Part A and B solutions have to be processed by the FDFO process separately either in a parallel stage or using only one of the solutions as DS while the other can be later mixed in dilute form. bridging mechanisms with organic compounds such as humic acid [28] [29] [30] [31] , by complexation to bacterial extracellular polymeric substances [32] or by enhancing the scaling potential of the osmotically concentrated feed solution [33] . For the hydroponic experiments, Part A was simply added, at the required ratio, and mixed to the final nutrient solution produced by the FDFO pilot. Although the present study is application-oriented; fundamental studies assessing the basic performance of the commercial hydroponic nutrient solution are crucial. In fact, bench-scale studies using commercial nutrient solutions (i.e. complex mixture of organic and inorganic compounds essential for plan growth) as draw solution in the FDFO process are very limited [20, 21] . Besides, all commercial nutrient solutions have their own specific composition and therefore are expected to behave differently in the FDFO process in terms of water flux, RSF and fouling especially.
The performance of the FO process was first evaluated in a batch mode of FO operation, similar to the one used in previous studies [34, 35] . The FO cell has two symmetric channels on each side of the membrane and the system was operated under co-current flow mode. The cell has internal dimensions of 7.7 cm length, 2.6 cm width and 0.3 cm depth (i.e., effective membrane area of 0.002 m 2 ). Variable speed gear pumps (Cole Parmer, USA) were employed to circulate the feed and DSs. The DS tank was placed on a digital scale connected to a computer to enable the determination of the water flux by measuring the weight changes over time. A conductivity and pH meter (Hach, Germany) was connected to the feed tank to record the variation of pH and electrical conductivity in the feed solution.
The experiments were conducted under the active layer facing the feed solution (AL-FS) mode. A new membrane was used for each experiment and the FO membrane was stabilised for 30 minutes using DI water on both sides of the membrane prior to the start of the experiment. Once stabilised, the feed and DSs were replaced and the water flux was measured continuously every 3 minute. All experiments were conducted at a cross-flow velocity of 8.5 cm/s, and a constant temperature of 25 ºC maintained with the help of temperature control bath connected to a heating/chilling unit.
Short and long term performance
Preliminary short-term experiments (i.e., up to 25% water recovery) were conducted to evaluate the basic performance (i.e., water flux and RSF) of the commercial hydroponic nutrient solution (Part B only) against NaCl, a widely used standard DS. NaCl solution was prepared at 1.4 M concentration, corresponding to an osmotic pressure of 66 bar, similar to the one of Part B fertilizer ( Table 1 ). The osmotic pressure was calculated using ROSA software (Version 9.1, Filmtech Dow Chemicals, USA). Experiments using 1.4 M NaCl with Long-term experiments (i.e., up to 75% water recovery) were then conducted using the liquid fertilizer (Part B) as DS and synthetic wastewater simulating municipal wastewater effluent (Table 2) were switched back to the system and water flux was monitored for an additional 2 hours after which the water flux recovery rates were calculated. ) concentrations were determined using Merck cell tests and spectrophotometer (Spectroquant NOVA 60; Merck, Germany). The total organic content of the feed solution was measured using a TOC analyser (TOC-VCPH, TNM-1, Shimadzu, Japan).
The surface of virgin, fouled and cleaned membranes were analysed by scanning electron microscopy (SEM, Zeiss Supra 55VP, Carl Zeiss AG, Germany). Samples were first dried under air purging and then lightly coated with Au/Pd. The SEM imaging was performed at an accelerating voltage of 10 kV at different magnifications and at various points. Figure 1 illustrates the layout of the pilot-scale FO unit operated in this study and more details on its design and control are provided in our previous study [36] . Here, an 8" spiral wound thin-film composite (TFC) FO membrane module with a total membrane area of 15.3 m 2 (Toray Industries, Korea) was used. All experimental studies were conducted in the FO mode or AL-FS mode. Feed and draw solutions flow rates were maintained at 70 and 6 L/min, respectively, throughout the experiments. The feed and draw solutions were the same during the bench-scale tests (i.e., synthetic wastewater and commercial liquid fertilizer Part B). The feed solution was kept constant throughout the experiments (i.e., conductivity was measured at frequent intervals and adjusted when necessary with tap water) to maintain the same osmotic pressure on the feed side of the membrane while the DS was continuously diluted.
Operation of pilot-scale FDFO unit
The system was operated under a combination of FO and pressure assisted osmosis (PAO) modes [37] . In FO mode (referred as stage 1), water flux was generated solely by the osmotic driving force of the DS, and FO unit was operated until the DS tank (1,000 L) was full with the diluted fertilizer DS. The diluted DS from stage 1 was then used as the DS in PAO operations (referred as stage 2 and stage 3). For PAO operations, hydraulic pressure (i.e., 2 bar) was applied on the feed side of the membrane module and used as an additional driving force to enhance water flux [37] . In order to achieve the targeted fertilizer dilution for direct hydroponic application (i.e., 250 times dilution as indicated by the manufacturer) two stages of PAO was necessary at an applied pressure of 2 bar (i.e., maximum pressure rating of the feed pump). The first PAO experiment (i.e., stage 2) was continued until the DS tank was full with the diluted fertilizer DS and this solution was in turn used as the DS for the second PAO experiment (stage 3). The pilot operation was stopped when the targeted dilution factor (i.e., recommended by the manufacturer) was achieved. At the end of the experiments, the diluted DS (i.e., Part B) was mixed with the required ratio of Part A solution (Table 1 ) and stored in 200 L tanks for the subsequent hydroponic experiments. About 120 L of nutrient solution was delivered to the Royal Botanic Gardens (Sydney, Australia) every week for hydroponic testing. All containers were initially disinfected using 70% ethanol solution and rinsed with MQ water to avoid bacterial growth. Conductivity and pH were measured twice a week to ensure both parameters remain within the acceptable range for hydroponics (i.e., pH 6.0-6.5
and conductivity 1.5-2.0 mS/cm) and hydrogen peroxide (50% v/v) was applied once a week at a rate of 2 mL per 10 L of nutrient solution to prevent microorganism growth in the tanks.
The same treatment (i.e. initial disinfection of the containers followed by weekly treatment with hydrogen peroxide) was applied to the tanks containing the commercial hydroponic nutrient solution diluted with DI water. 
Preliminary economic analysis
A critical optimisation aspect of this hybrid FO-PAO process relies on the determination of the optimal contribution of both processes. In other words, it is crucial to determine the optimal point at which we should apply PAO (i.e. at which DS osmotic dilution). In order to do so, a preliminary assessment of the capital and operational costs (CAPEX and OPEX) has been carried out for the FO, PAO and different FO-PAO configuration processes.
The total capital costs determination was based on the following assumptions: a) plant availability of 0.95, b) a 6% interest rate, c) a 20-year lifetime for the plant [38] . The total capital cost was calculated based on the data provided by the manufacturer on a single module and the capacity for each module. Based on this data, the total membrane area required to produce 100,000 m 3 /day can be estimated. Total capital costs include the construction and equipment costs. The construction cost includes pressure vessels, pumps, piping and others (i.e., civil engineering, intakes, working capital and contingencies) while the equipment cost includes membranes and materials [38] . FO feed brine is assumed to be treated by a separate wastewater treatment plant and thus the capital costs associated to the disposal facility are not considered. Amortised capital cost is calculated based on:
where i is the interest rate, n is the plant lifetime and the plant capacity is 100,000 m 3 /day, and 365 is the number of days in a year.
Yearly operating costs were calculated based on the reported percentages of membrane replacement, electrical cost, chemical cleaning and others such as repairs, laboratory fees, labour and insurance [38] . The cost of FO module was assumed to be AUD $ 1,250 and the cost of electricity (i.e. AUD $0.29/kWh) was based on the current price in New South Wales, Australia [39] .
Hydroponic lettuce plants
Nutrient film technique (NFT) and experimental procedures
Different types of hydroponic systems are used for the production of lettuce and include solution hydroponics, substrate hydroponics with recirculating solution and the nutrient film technique (NFT), the latter being the most popular system was selected for this study. In NFT, the plants are supported in a gently sloping (about 1.5-2.0°) shallow gully in which the roots are suspended in a flowing stream containing the nutrient solution, as shown in Figure   S1 Half-strength Hoagland's solution, a standard hydroponic nutrient solution tailored for lettuce [40] used as control (Table 3) . Therefore, T1 and T2 can be compared to directly evaluate the loss of nutrients during the FO operations while T1 and T3 can be compared to identify if the loss of some specific nutrients can be detrimental for the lettuce since the Hoagland's solution contains all the essential nutrients for lettuce growth. Although, theoretically, the osmotic pressure difference across the membrane is the main driving force in the FO process, it has been shown previously that the extent of internal concentration polarization (ICP) effects inside the membrane support layer facing the DS will have significant impact on the water flux [41, 42] . Therefore, a DS having a higher diffusivity (e.g. NaCl) will generate a high water flux because of the lower ICP effects inside the membrane support layer. The presence of multiple solutes in the commercial fertilizer including those solutes with lower diffusivities probably lowers the average diffusivity of the DS thereby resulting in slightly lower water flux [16] . weight (e.g. molecular weight of EDTA is 292.24 g/mol) so it is very unlikely that these organic compounds will diffuse to the feed solution. However, the high reverse solute transport of urea has already been demonstrated [16] attributed to its low molecular size (60.06 g/mol) combined with the fact that it remains neutral in solution, increasing its reverse diffusion through the FO membrane [45] . This hypothesis is further confirmed by the high reverse diffusion of N compounds from the commercial fertilizer (Figure 2c ). However, urea is TOC-neutral since it rapidly hydrolyses to ammonia and carbon dioxide. Because the samples are acid-hydrolysed and purge before TOC analysis, the carbon dioxide present in urea is removed. Therefore, the increase in TOC in the feed solution is originated from another organic compound present in the DS. One possibility could be acetate; which is often used to increase the plant foliar uptake. Besides, acetate has a relatively low molecular weight (i.e. 59.04 g/mol) so it is very likely that this compound diffused through the FO membrane, thereby increasing the TOC content in the feed solution [46] .
The loss of nutrients from the commercial fertilizer by reverse diffusion during its osmotic dilution is an important factor that needs to be evaluated since it will affect the final nutrient concentration available to the plants. A well-balanced macro-and micronutrients solution is essential to ensure favourable plant growth and health. Figure 2c shows ) has a much larger hydrated radius, reducing its reverse permeation. In this case, the limited diffusion of NH 4 + is necessary in order to maintain electroneutrality. Therefore, depending on their associated ions, the reverse transport of different solutes will be different. 
Long-term studies with synthetic wastewater: Fouling behaviour and water flux recovery
The long-term FDFO operation was carried out to achieve a wastewater feed recovery of up to 75% using commercial hydroponic nutrient solution as DS in a batch process and the performance assessed in terms of water flux, reverse solute flux and water flux recovery after hydraulic flushing and osmotic backwashing (Figure 3 and Figures S5 and S6, SI) . Figure S5 shows that the water flux was initially fairly stable up to 25% recovery rate and then the flux significantly decreased to about 85% on reaching recovery rate of 75%. The water flux decline is mostly due to continuous decrease of the osmotic pressure driving force (i.e., dilution of the fertilizer DS and concentration of the feed solution in a batch mode of operation) and also likely due to the deposition of foulants on the membrane surface, increasing the resistance to water permeation through the membrane. In fact, visual observation of the membrane surface after the experiment showed a brownish cake layer formed with a loose structure ( Figure S6 , SI).
At the end of each FDFO performance experiment, two physical cleaning methods (i.e., hydraulic flushing and osmotic backwashing) were adopted to remove the deposited foulants and recover the initial water flux. Results in Figure 3a show a partial water flux recovery of only about 75% after the hydraulic flushing, which may be explained by the surface structure of the TFC FO membrane. In fact, the membrane surface of TFC is much rougher than that of CTA which lowers the efficacy of physical washing [29] . Osmotic backwashing, however, was able to restore up to 95% of the initial water flux (Figure 3a) . In fact, this cleaning method was employed in previous studies and showed better performance for the removal of foulants within the support layer [43, 53, 54] . Figure S5 (SI) shows the SEM images of the virgin membrane, the fouled membrane and the membrane surface after hydraulic flushing and osmotic backwashing. It can be clearly seen that the surface of the membranes after both cleaning methods is very similar to the virgin membrane, indicating that most of the foulants deposited on the membrane surface were easily removed by physical hydraulic flushing.
However, after the hydraulic flushing, a partial fouling layer can still be observed which was probably attached strongly on the membrane surface and not easily removed by simple hydraulic flushing.
The reverse nutrient diffusion during long-term operation using synthetic wastewater as feed showed a similar trend but slightly lower values compared to the results obtained during the short-term experiments using DI water as feed. This can be attributed to the formation of the organic foulant cake layer that reduced the reverse solute transport through the membrane. In fact, it has been previously demonstrated that the formation of organic fouling layer rendered the membrane surface negatively charged which reduces the reverse transport of negatively charged solutes (e.g. HPO 4 2-) by enhanced electrostatic repulsion by the fouling layer. Thus, to maintain the electrical neutrality of the DS, the reverse diffusion of the coupled positive ions also improves [20, 55] . 
Performances of pilot-scale FDFO operations
According to the manufacturer, the commercial hydroponic solution used in this study must be diluted 250 times while the final pH and conductivity must fall within the range of 6.0-6.5 and 1.5-2.0 mS/cm, respectively. The osmotic dilution using synthetic wastewater as feed was carried out for the commercial fertilizer Part B only in three stages as described in Section 2.2. The first stage was performed in FO mode (i.e., using osmotic driving force only) while the second and third stages were carried out under PAO mode (i.e., using osmotic driving force combined with an applied hydraulic pressure at 2 bar). These 3 stages were necessary as the pilot-scale FO process has to be operated in a batch mode and hence the desired dilution could not be achieved in a single stage. In fact, a recent FDFO study [37] demonstrated that the additional hydraulic driving force not only enhances the permeate flux when the osmotic driving force is significantly reduced (i.e., the osmotic pressure of the diluted DS approaches the feed solution one) but also could further dilute the DS beyond the point of osmotic equilibrium which is not possible under the FO mode of operation alone.
Therefore, PAO could eliminate the need for an additional post-treatment process such as nanofiltration (NF) for enhancing the fertilizer dilution [15] and thus reduce the overall process footprint and cost. Besides, this study [37] also demonstrated that the effective gain in water flux was higher when the DS concentration becomes closer to the osmotic equilibrium when the osmotic driving force approaches zero. This is also one of the reasons why PAO was applied in the second and third stages in this study and not in the first stage.
FDFO performance: Water flux and reverse salt flux
The results from the pilot-scale investigations are gathered in Figure 4 . Figure 4a and 4b show the water flux, the osmotic pressure of the commercial fertilizer and the accumulated permeate volume during the three different stages of pilot operation. During stage 1 (i.e., FO mode), the gradual decrease in water flux is related to the continuous dilution of the commercial fertilizer since both the water flux and the DS osmotic pressure are following the same trend (Figures 4a and 4b) . At the end of stage 1, the osmotic pressure from the commercial hydroponic solution fell down to 5.5 bar (corresponding to a conductivity of 8.6 mS/cm) while the water flux decreased to 5.9 LMH. The additional 2 bar pressure applied during stage 2 of the FO operation increased the initial water flux by 57%. It is interesting to note that, at the beginning of stage 3, a small water flux increase (i.e., 18%) was observed; although the driving force was similar to the one at the end of stage 2. This increase in water flux could have been due to cake relaxation caused by the interruption of operation between the two stages. Another possible reason behind this water flux improvement could be due to the feed solution by-pass valve that needs to be closed at the beginning of the experiment;
generating temporarily an increase in the feed flow rate which can act as a small hydraulic flushing.
A recent PAO study [56] showed that the application of hydraulic pressure contributes positively on the water flux but also resulted in more severe CP effects affecting the efficiency of the osmotic pressure, especially when the hydraulic pressure contribution becomes predominant. Figure 4d shows that, at the beginning of stage 2, the contribution of the osmotic pressure is still predominant over the hydraulic pressure (i.e., 5.5 bar for the diluted DS with a conductivity of 8.6 mS/cm against 2 bar applied pressure), however, at the beginning of stage 3, the osmotic pressure of the diluted DS was only 0.4 bar (i.e., which corresponding to a conductivity of 1.2 mS/cm), which is very close to the osmotic pressure of the synthetic wastewater feed (i.e., 0.14 bar) and much lower than the additional 2 bar pressure. Therefore, CP effects were most likely more prominent towards the end of stage 2, limiting the expected flux enhancement. Another likely explanation for the lower than expected water flux improvement can be the enhanced membrane fouling due to PAO operation. In fact, it has been explained in previous studies [56] [57] [58] that in PAO, both fouling layer compaction and cake-enhanced osmotic pressure are expected to occur, resulting in a slightly higher fouling propensity compared to FO (where only cake-enhanced osmotic pressure occurred). It is very likely that, under the 2 PAO stages, a more compact fouling layer has been formed on the membrane surface leading to an additional barrier for water permeation. Previous studies on FO (no pressure), RO (high pressure) and low-pressure ultrafiltration (0.5 to 1 bar) directly correlated the fouling layer thickness and foulant volume to the applied pressure [58, 59] . In those studies, it was found that, for the same amount of deposited matter, the deposit thickness was lower at higher applied pressure; suggesting a more compact fouling layer at increasing applied pressure.
Finally, Figure 4c shows the RSF results at the end of each pilot stage. During stage 1 (FO mode), the reverse nutrients transport was quite similar to the values obtained during the bench-scale experiments with synthetic wastewater as feed. However, during both stage 2 and 3 under the PAO mode of operations, the RSF was significantly reduced, unlike in the FO process where a higher concentration difference leads to a more severe RSF and an increase in the water flux. In the PAO process, however, the enhanced water permeation increases the dilutive ICP that reduces the draw solute concentration at the membrane interface which results in lower RSF [56] . Figure 4 
Preliminary assessment of energy and capital costs
Combining the FDFO process with PAO could help in saving the overall operating costs (i.e., energy and membrane costs) compared to applying FDFO or PAO alone. However, in order for this hybrid FDFO-PAO process to be economically feasible, a trade-off between membrane and energy costs (i.e., from the additional pressure) has to be determined. Figure 5 displays the capital and operational expenses (i.e. CAPEX and OPEX) for different process configurations (i.e., FDFO alone, FDFO coupled with PAO at different DS osmotic dilution and PAO alone). It is clear from this figure that using osmotic dilution alone will result in higher CAPEX due to the higher required membrane elements, pressure vessels as well as equipment and associated materials (Figure 5a ). On the other hand, using PAO only will result in higher OPEX due to higher energy requirements as well as higher chemical and repair and maintenance costs (Figure 5b ). To optimise this hybrid process, it is therefore necessary to find out at which stage (i.e., DS concentration) PAO should be applied.
Although previous studies have found that applying PAO at lower DS concentration (i.e. at higher FO recovery rate) is more beneficial in terms of water flux enhancement (e.g. [37] ), this also means that the initial feed concentration for PAO operation will be higher due to increased recovery rates. The draw solute concentration in the feed stream due to RSF will be also much higher. Both these increased solute concentrations increases the need for a higher applied pressure thereby increasing the energy consumption of the PAO feed pump (i.e.
energy component in Figure 5b is higher at higher FO recovery rate) to achieve similar final DS concentration [60] . At the same time, Figure 5 shows that if the FO process is operated at lower recovery rate, then the contribution of applied pressure (PAO) to the water flux gain will be lower (i.e. because the osmotic pressure of the DS will still be significant) which will in turn increase the total membrane area (Figure 5a ) and thus the membrane replacement cost (Figure 5b ). Further studies are therefore needed in this area in order to find the optimum process configurations for this hybrid FDFO-PAO system. A diluted fertilizer solution was also separately prepared with distilled water in order to remove the presence of draw solutes from reverse diffusion and obtain the correct nutrients concentration following the manufacturer's guidelines for hydroponic solution, presented in brackets in Table 4 . It can be seen that the use of the FDFO process to prepare the hydroponic solution resulted in a loss of some essential nutrients to variable extent. Nutrient deficiencies can greatly affect the plant health and growth and typical symptoms generally include reduced plant growth, yellowing and/or scorching of leaves and growing tips as depicted in Table S1 (SI). The type of symptoms and their extent on plant growth and health will depend on the nutrient(s) being deficient [6, 61] . For instance, nitrogen deficiency will lead to severe stunting while potassium deficiency will lead to yellowing and scorching of old leaves, highlighting the importance of these macronutrients. Table S2 (SI) shows the hydroponic formulation of two standard recipes (i.e., Huett and Hoagland hydroponic formulations [40, 62] ) and the nutrients concentration in the final FDFO solution are within the range of these two standard hydroponic solutions, suggesting that nutrient deficiencies should not be expected for the hydroponic lettuce. Table 5 3
.3 Response of hydroponic lettuce plants grown in FDFO nutrient solutions
The response of hydroponic plants grown using different nutrient solutions obtained from the FDFO process has been assessed in terms of different growth parameters, including fresh biomass production (aerial parts and roots) and dried biomass (oven dried at 60 °C for 72 h).
Growth performance results gathered in Figure 6 show similar growth patterns between the selected treatments indicating that the FDFO nutrient solution can be applicable to any hydroponic applications using different plant species. The fresh and dry weights of aerial parts and roots were also comparable to other reports [23, 63] . Plants grown in T2 (i.e., Optimum Grow -same hydroponic nutrient solution used as DS in FO experiments) revealed the highest biomass production followed by plants grown in T1 (i.e., FDFO nutrient solution) and then T3 (i.e., Half-strength Hoagland's solution). Fresh and dry biomass data displayed in Figure 6 show that the fresh weight of aerial parts was 158.53 g (± 14.9 g), 160.32 g (± 20.45 g), and 105.33 g (± 14.42 g) for T1, T2 and T3, respectively. The difference in yield between T1, T2 and T3 could be due to cooler and warmer air movement around the first two treatments which created more plant transpiration, then higher photosynthesis and consequently biomass. Lettuce plants fed with FDFO nutrient solution showed no signs of nutrient deficiency (cf. Table S1 , SI) indicating the suitability of growing lettuce in NFT system with the prescribed conditions. The osmotic pressure was calculated using ROSA software (Version 9.1, Filmtech Dow Chemicals, USA). 
